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Edited by D. E. DraperAbstractDirect sensing of intracellular metabolite concentrations by riboswitch RNAs provides an economical and
rapid means to maintain metabolic homeostasis. Since many organisms employ the same class of riboswitch
to control different genes or transcription units, it is likely that functional variation exists in riboswitches such
that activity is tuned to meet cellular needs. Using a bioinformatic approach, we have identified a region of the
purine riboswitch aptamer domain that displays conservation patterns linked to riboswitch activity. Aptamer
domain compositions within this region can be divided into nine classes that display a spectrum of activities.
Naturally occurring compositions in this region favor rapid association rate constants and slow dissociation
rate constants for ligand binding. Using X-ray crystallography and chemical probing, we demonstrate that both
the free and bound states are influenced by the composition of this region and that modest sequence
alterations have a dramatic impact on activity. The introduction of non-natural compositions result in the
inability to regulate gene expression in vivo, suggesting that aptamer domain activity is highly plastic and thus
readily tunable to meet cellular needs.
© 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.Introduction
Riboswitches are structured regulatory elements
contained in the 5′-leader region in many bacterial
messenger RNAs. These riboregulators use a
secondary structural switch to control gene expres-
sion in response to binding an effector molecule,
thus providing a rapid and efficient genetic response
to changing cellular or environmental conditions
(reviewed in Refs. 1 and 2). Currently, over 20
riboswitch classes that control gene expression in
response to a structurally diverse range of effector
molecules including nucleobases, amino acids, co-
factors, metal ions, and second messengers have
been identified.3 Although riboswitches are broadly
distributed in bacteria, they are most prevalent in the
Firmicutes and Fusobacteria.4 In some of these
organisms, the same class of riboswitch controls a
number of different genes or operons, employing
essentially the same aptamer domain for each. For
example, in Bacillus subtilis, there are at least 5
purine-binding riboswitches5,6 and 11 S-adenosyl-0022-2836 © 2013 Elsevier Ltd. Open access under CC BY-NC-ND licemethionine (SAM)-binding riboswitches,7–10 each
controlling its own transcriptional unit. Presumably,
riboswitches controlling unique transcriptional units
will control gene expression at a particular effector
concentration dictated by the composition of the
transcriptional unit. Furthermore, the diverse genetic
backgrounds and environmental niches of bacteria
likely necessitate adaptation by individual ribos-
witches for optimal regulatory control.
It has been hypothesized that the effector binding
domains (called the aptamer domain) of ribos-
witches are “tuned” to elicit the appropriate regula-
tory response for each transcriptional unit.6,9 A study
comparing the properties of the 11 B. subtilis SAM-I
riboswitches established a link between functional
characteristics of the riboswitch with the gene
product being regulated.9 Functional diversity was
manifested as a large range in binding affinity (Kd),
absolute level of transcript induction, the dynamic
range of the expression response, and the propen-
sity to read through a transcriptional terminator for
each SAM-I riboswitch variant. It was concluded thatJ. Mol. Biol. (2013) 425, 1596–1611nse.
1597Activity Tuning in RNASAM-I riboswitches involved in biosynthetic path-
ways have different regulatory properties than those
controlling transport.9 Specifically, riboswitches con-
trolling biosynthetic genes tend to switch gene
expression off at lower concentrations of SAM than
those controlling genes encoding metabolite trans-
porters. This is consistent with the observation that
isolated aptamer domains of some of these SAM-I
riboswitches have over a 1000-fold range in their
binding affinities for SAM.10 This is interesting since
crystal structures of several aptamer domains in
complex with SAM show that the core of the RNA is
nearly invariant.11,12 Similarly, purine-binding ribos-
witches exhibit a diversity of effector binding affinities
and regulatory properties6 despite nearly invariant
secondary structure and nucleotide compositions in
the effector-binding site (Fig. 1a). The structural
basis for tuning the affinity and therefore, presum-
ably, the regulatory response of a specific riboswitch
is unknown.
To explore the mechanisms of tuning, we exam-
ined purine riboswitches that sense intracellular
guanine/hypoxanthine (HX) or adenine and gener-
ally modulate expression of proteins associated with
purine biosynthesis and transport.5,13,14 The struc-
tural basis for ligand binding by the aptamer domain
is well established.15–19 All guanine/adenine ribos-
witches contain the same secondary and tertiary
architecture, a three-way junction of three helices
(P1, P2, and P3) supported by a distal loop–loop
interaction (L2–L3). Both the junction and theFig. 1. Secondary structure and positional entropy plot of the
secondary structure of the aptamer domain is depicted such th
with Watson–Crick base-pairing interactions shown as a ba
coloring corresponds to their degree of conservation, where a v
Rfam database, accession number RF00167). (b) A sequence
information content at each position in our structure-based alig
each nucleotide symbol represents its frequency at that pos
content at that position.terminal loops exhibit significant sequence conser-
vation (Fig. 1a). Guanine or adenine recognition is
achieved through formation of a Watson–Crick base
pair with either a cytosine or a uridine (position 74 in
the RNAs of this study), respectively.5,14,15,19
Specificity for either nucleobase is almost entirely
determined by the identity of nucleotide 74, as
guanine and adenine riboswitches can be inter-
converted through a single change to the identity of
pyrimidine 74.17 Extensive mutagenesis of several
purine riboswitches has further refined our under-
standing of the nucleotides that directly contribute to
the affinity of this RNA for purine nucleobases.6,20,21
The majority of these bases localize to non-helical
elements in the junction and loops, with the
exception of two Watson–Crick pairs in P1 that are
proximal to the ligand-binding site. A broad set of
data on this RNA from spectroscopic, single-mole-
cule and chemical probing studies makes the purine
riboswitch an ideal model system to study the
relationship between sequence variation and activity
tuning.22
While, in principle, regulatory tuning can occur in
either the aptamer domain or the downstream
secondary structural switch, termed the expression
platform, a reasonable hypothesis is that tuning
primarily occurs within the aptamer domain by
altering ligand-binding properties. The principal
difficulty in relating sequence variation in the
aptamer domain to regulatory tuning is that conser-
vation patterns are dominated by tertiary interactionsaptamer domain of purine riboswitches. (a) The conserved
at each nucleotide position is represented as a colored dot
r/line connecting the interacting nucleotides. Nucleotide
alue of 1 denotes universal conservation (adapted from the
logo representing the nucleotide conservation as well as
nment of 302 sequences. For each position, the height of
ition, while the overall height represents the information
1598 Activity Tuning in RNAand secondary structure outside the ligand-binding
site. The large number of neutral changes that
preserve Watson–Crick pairing frustrates attempts
to look for more subtle patterns of variation that may
influence the active site.
Rather than test a large set of phylogenetic
sequence variants, we sought to identify regions of
the RNA that are functionally coupled using a
statistical coupling analysis in conjunction with a
structurally backed sequence alignment.23 Using
this approach, a region adjacent to the three-way
junction was identified as containing patterns of
covariation with a nucleotide within the junction that
does not involve direct pairing of nucleotides. To
assess whether this region of the aptamer domain,
which we call the “P2 tune box”, influences ligand
binding and regulatory activity, we took a reduction-
ist approach by introducing sequence variation into
the well-characterized B. subtilis xpt-pbuX guanine
riboswitch. We have previously used this approach
to understand the relationship between guanine and
2′-deoxyguanosine-sensing RNAs24 whose conclu-
sions were supported by a subsequent crystal
structure.25 In this work, we demonstrate that
regions flanking the ligand-binding pocket exhibit
patterns of covariation that influence riboswitch
regulatory properties.Results
Identification of functional covariation between
P2 and the ligand-binding pocket
To identify evolutionarily conserved covariation
patterns in the aptamer domain between nucleotides
that do not physically interact (i.e., base pair), it is
essential to generate a high-quality multiple se-
quence alignment.26–28 The statistical methods
used to infer functional relationships between
residues in a sequence work under the assumption
that the columns in a multiple sequence alignment
are analogous.29 Starting with a high-quality align-
ment eliminates uncertainty in the position of each
base within the RNA prior to performing a statistical
analysis, thus decreasing the frequency of false
positives and allowing the detection of subtle
functional covariation patterns.
A common feature of alignments of RNA se-
quences is the presence of base-pair insertions or
deletions within the middle of helices. In the case of
the purine riboswitch aptamer domain, P2 and P3
can vary from five to seven base pairs. The issue
that arises is the arbitrary placement of the insertion/
deletion within a helix. An incorrect placement of the
insertion/deletion in P2 or P3 would potentially
confound potential non-Watson–Crick covariation
between nucleotides in a stem. To circumvent thisproblem, we limited our analysis to 302 of 484
sequences available in Rfam version 9.0.30 These
sequences were chosen because they represent the
most common secondary structure within the family.
Each sequence must contain seven base pairs in
both P2 and P3 while P1 was limited to seven base
pairs proximal to the three-way junction. P1 lengths
of at least four base pairs are observed in all purine
riboswitches and the effect of additional base pairs
has been determined to have a negligible effect
on ligand binding.31 The Shannon Entropy Plot
WebLogo for the alignment of these sequences is
shown in Fig. 1b and the full alignment is available in
Table S1.
Since the structural framework of these sequences
is identical, an unambiguous analysis of functionally
coupled regions of the RNA can be performed using
mutual information (MI), a statistical technique often
used to predict RNA structure.32,33 This method
uses a multiple sequence alignment to identify co-
evolving residues in a sequence, where one
nucleotide changes in response to a change at
another position in the sequence. Functionally
coupled nucleotide positions are expected to yield
greater MI scores than expected for a random
interaction. In order to correct for the effects that
high sequence conservation has on the MI calcula-
tion, normalized mutual information (NMI)34,35 was
chosen to allow us to detect subtle functional
interactions. A statistical method for assessing the
significance of NMI scores has been previously
shown to successfully predict functional interactions
in protein sequences.35
NMI scores were determined for all possible
pairwise interactions and three regions demonstrat-
ed significant covariation patterns corresponding to
paired regions P1, P2, and P3 (Fig. 2, red). In
addition to these expected regions of covariation, a
significant NMI score (NMI=0.320, p=0.0197) be-
tween positions 24 and 25 is observed (Fig. 2,
green). Covariation between positions 24 and 25 is
especially interesting as position 24 is located in J1/2
and uniquely anchors J1/2 to J3/1 by stacking
between positions 72 and 73. While position 25
shows low conservation, position 24 is either an
adenine (66%) or a uracil (34%) (Fig. 1b). The other
significant NMI score for non-interacting bases is
between nucleotides 64 and 66 (NMI=0.401, p=
0.00579) in L3. In the majority of sequences (80%),
both of these nucleotides are adenosines that form
non-canonical base-pairing interactions with L2. In
~10% of total sequences, these two nucleotides are
uracil (U64/U66); in 8.5%, G64/A66; and in 1.5%,
U64/A66. A mutagenic survey of the pbuE aptamer
domain revealed that the U64/A66 variant binds 2-
aminopurine (2AP) as well as wild type (A64/A66).21
Furthermore, it has been shown that the A35–A64
pair in the L2–L3 is tolerant to changes in the 35
position, suggesting that the L2–L3 interaction can
Fig. 2. NMI scores indicate covariation patterns in the aptamer domain. Secondary structural elements (red) and novel
covariation interaction (green) are correlated to a two-dimensional heat map with NMI scoring represented on heat map
colored by NMI values. The color bar to the right of the heat map indicates that an NMI value of 0.3 or greater is a significant
value (pb0.05).
1599Activity Tuning in RNAaccommodate different pairs at this site. In this
study, we have chosen to focus on understanding
the 24/25 covariation because of its adjacency to the
ligand-binding pocket. Notably, these results were
not obvious from sequence alignments using gap
alignment in the paired regions,4 illustrating the utility
of performing covariation analyses on structurally
backed alignments.
Classification of aptamer domains by P2
composition
To experimentally determine whether there is
functional covariation between the base of P2
(position 25) and position 24, we found it necessary
to first further analyze the composition of P2.
Examination of P2 revealed a marked tendency for
non-canonical base pairs proximal to the junction
(Fig. 3a). The base-pairing nomenclature in P2 used
in this work is numbered P2.1 (positions 25–45,
proximal to the three-way junction) through P2.7
(positions 31–39, proximal to L2). The central base
pairs of P2 are composed of conserved pairing
interactions that conform to Y–R, R–Y, and R–Y at
P2.4, P2.5, and P2.6, respectively (Fig. 3a). Non-
canonical base pairing is not observed at these
positions, and these form the stable core of P2 as
supported by temperature-dependent unfolding of
the xpt-pbuX aptamer by chemical probing.36 P2.3 is
also stable at temperatures in excess of 70 °C in aligand-independent manner; however, the presence
of non-canonical base pairing in natural sequences
must be considered prior to classification of P2.3 as
part of the rigid core. In contrast, P2.1 and P2.2
pairing interactions are significantly less stable and
their formation is ligand dependent.36 This part of the
P2 helix behaves as if it is part of J1/2 and J2/3 in its
folding properties and thus should be considered
part of the junction. Notably, these positions are
highly enriched in non-canonical base pairs that may
be important for imparting this behavior.
The 302 sequences in the structure-backed
alignment were sorted into two groups based on the
identity of position 24 (A24 or U24) and further
divided into variant classes based on the composition
of P2.1, P2.2, and P2.3 (Fig. 3b-c). Non-canonical
pairing in the A24 group (1A–6A) occurs at P2.2 and
sometimes at P2.3, while in the U24 group (7U-9U), it
is enriched in non-canonical pairs P2.1 and infre-
quently at P2.3 (Fig. 3d). P2.7 also contains a
significant fraction of non-canonical U ⋅U base pair-
ing as revealed in structures of the Vibrio vulnificus
add and B. subtilis pbuE riboswitch aptamers.19,37
However, P2.7 was not used as a sorting criterion
since there are little functional differences between
aptamers with G–C or U ⋅U pairs at this position
(Table S2).
Using this classification scheme, we identified nine
variant groups that account for ~84% of all se-
quences (Fig. 3d). Of these nine variants, 1A is the
Fig. 3. Sequence composition of the P2 stem based on a structurally backed multiple sequence alignment. A naming
scheme and indication of the position as well as conservation is represented in (a) with purine (R) or pyrimidine (Y) bias
indicated. (b) and (c) are color coded according to the type of base-pairing enrichment for A24 variants and U24 variants,
respectively. (d) P2 sequence variants that represent a majority of all purine riboswitch aptamer domains. Aptamer variants
from phylogenetically represented sequences (P) and non-phylogenetic variants (NP) with single base substitutions at
position 24 are represented in yellow and green, respectively. The boxed pairs represent the P2.1, P2.2, and P2.3 pairs,
consistent with Fig. 2. The abundance of each variant from the sequence alignment is indicated.
1600 Activity Tuning in RNAmost abundant (35%of sequences) and corresponds
to the sequence composition in the B. subtilis xpt-
pbuX guanine riboswitch. The remaining variants are
less abundant with each representing between 3%
and 11%of all sequences. Many aptamer sequences
at 1% abundance or less were grouped together as a
set of lowly populated variants that account for 16%
of all sequences and were not further considered.
The covariation of positions 24 and 25 as well as the
enrichment of non-canonical base pairing at the base
of P2 raises the possibility that these nucleotides
could influence the effector's interaction with the
adjacent binding pocket. We refer to this region of the
aptamer as the P2 tune box, which is defined as
nucleotide 24 of J1/2 and the first two pairs of P2(dashed box, Fig. 1a). To gain insight into the impact
of variation in the P2 tune box on functional aspects
of the aptamer domain, we measured rate constants
for ligand binding as well as equilibrium dissociation
constants.
Phylogenetically represented P2 tune box variants
generally confer kinetic control
The relationship between the ligand-binding prop-
erties and regulatory control is complicated by
the fact that many riboswitches operate co-
transcriptionally.38–40 The consequence of this
observation is that the riboswitch has only a limited
amount of time to make a regulatory decision, as
Fig. 4. Summary of measured binding parameters for P2 tune box variants. Equilibrium dissociation constants (a),
bimolecular association rate constants (b), and dissociation rate constants (c) for five phylogenetic aptamer variants and
their corresponding non-phylogenetic variant containing an A-to-U or U-to-A mutation at position 24.
Table 1. Binding parameters for P2 tune box variants
Variant Kd (nM) koff (s
− 1)
kon (×10
5
M− 1 s−1) ΔtB (s)
1Aa 260±40 0.0088±0.0005 0.40±0.03 130
1U 17,000±1200 0.15±0.001 0.050±0.008 8
2Aa 300±20 0.022±0.001 0.23±0.02 53
2U 11,000±3800 0.38±0.11 0.30±0.04 3
3Aa 240±40 0.010±0.001 0.64±0.01 111
3U 16,000±800 0.036±0.001 0.027±0.004 32
8A 700±10 0.0057±0.0005 0.099±0.005 201
8Ua 6300±600 0.19±0.01 0.33±0.01 6
9A 1100±100 0.028±0.001 0.057±0.005 41
9Ua 160±10 0.0084±0.0007 0.56±0.01 137
a These variants are phylogenetically represented.
1601Activity Tuning in RNAdirected by ligand binding, before it is no longer
capable of influencing the transcription or translation
machinery. Thus, many riboswitches are under
“kinetic control” in which ligand binding to the
aptamer domain does not reach equilibrium prior to
when a regulatory decision must be made.40 For
transcriptional regulation, this is the time that RNA
polymerase (RNAP) requires to transcribe mRNA
from the 3′-side of the aptamer domain to the intrinsic
terminator (called ΔtRNAP).
40 If the aptamer is not at
equilibrium with respect to ligand binding when the
regulatory decision is made, then the concentration
of ligand required to achieve the half-maximal
regulatory response (EC50) is greater than that to
half-saturate the aptamer (Kd) under equilibrium
conditions. This is in contrast to “thermodynamic
control” in which Kd≊EC50. The equilibrium binding
constant (Kd) and the rate constants for association
(kon) and dissociation (koff) must be measured to
determine the likelihood that a specific aptamer
imparts kinetic or thermodynamic control. A recent
study of two adenine-responsive purine riboswitches
determined that they can experience either mode of
control.41
In total, five of the nine phylogenetically repre-
sented variant groups were evaluated, representing
over 68% of sequences in the alignment (groups 1,
2, 3, 8 and 9; row “P”, Fig. 3d). Additionally, a non-
phylogenetic (“NP”, Fig. 3d) variant was created for
each of the five natural variants tested by replacing
position 24 with the non-naturally occurring base,
either A or U. To simplify our analysis, we placed
each P2 tune box sequence into a “chassis” aptamer
domain derived from the well-characterized B.
subtilis xpt-pbuX guanine riboswitch.15–17,36 This
ensures that the binding properties of each P2 tune
box can be compared directly to other variants. The
xpt aptamer domain was modified to add a base pair
to the middle of P3 (pair 58b–68b, Fig. 1a) to reflect
that the 302 chosen sequences all have seven base
pairs in this helix. Addition of this pair minimallyaltered the Kd, kon, and koff values from those
measured for the wild-type aptamer and two other
tune box variants (Table S2). In addition, we
introduced the C74U mutation that alters the
specificity of the aptamer for adenine, including the
fluorescent derivative 2AP.16
We observe that phylogenetically observed P2
tune box sequences have a strong propensity to
impart higher 2AP affinity than their non-natural
counterparts (Fig. 4a; Table 1). Equilibrium dissoci-
ation constants (Kd) were determined by monitoring
fluorescence of a fixed concentration of 2AP with
increasing concentrations of aptamer RNA. We
observed over a 100-fold range in Kd (160 nM to
17 μM) with most natural variants binding in the low
nanomolar range (160–300 nM) (Fig. 4a; Table 1).
The only exception is variant 8U, which binds 2AP
with a Kd of ~6.2 μM. This variant is found in ~10%
of sequences in our alignment yet displays a Kd ~10-
fold higher than the non-natural variant 8A.
The kinetic properties of naturally occurring P2
tune box sequences skew towards both faster
association rates (kon) and slower dissociation
rates (koff). Kinetic measurements were made by
monitoring 2AP fluorescence with a stopped-flow
fluorometer using established methods.17 Natural
Fig. 5. In vivo regulation of gene expression by a purine/
SAM hybrid riboswitch. Aptamer variants 1A, 1U, 9A, and
9U were fused to the Bacillus subtilis metE expression
platform and were assayed for the ability to terminate
transcription in response to increasing 2AP concentra-
tions. Transcriptional termination was measured by a
decrease in GFP signal corrected by optical density.
1602 Activity Tuning in RNAvariants display kon values greater than all non-
natural variants with the exception of variant 2A
(Fig. 4b). This variant displays an observed associ-
ation rate only slightly less than its non-natural
variant 2U. Additionally, kon measurements do not
resolve why 8U is selected over 8A given that kon for
8U is only ~3.4-fold lower than that for 8A.
Dissociation rate constants were measured and an
~66-fold range in activities was observed (Fig. 4c).
While most natural variants have low koff values, 8U
displays a koff ~33-fold greater than the non-
phylogenetic variant 8A.
To further understand the relationship between
binding and transcription kinetics, we applied a
simple model originally developed to study the
pbuE adenine-responsive riboswitch.39 Assuming
that a 90% fraction bound state must be achieved to
exert the full regulatory response, the time required
for the aptamer to reach equilibrium with respect to
ligand binding,ΔtB, must be known. This time interval
can be estimated by ΔtB=1.15/koff, allowing for
identification of the mode of regulatory control when
compared withΔtRNAP. In this model, thermodynamic
control is defined as when ΔtRNAP is equal to or
greater than ΔtB, while kinetic control is best
described when ΔtB is much smaller than ΔtRNAP.
The low intracellular concentrations of ligand and
mRNA results in the association rate constant for
ligand binding having little influence over the regula-
tory response in comparison to the dissociation rate
constant according to the relaxation equation
s ¼ kon 2AP½  RNA½ ð Þ þ koff ð1Þ
where the time constant τ equals the time required for
e− 1 of a reaction to occur.39
ΔtB was calculated for all variants measured
(Table 1) for comparison with a theoretical ΔtRNAP.
For an average expression platform of ~150 nt and a
transcription rate of bacterial RNAP of ~50 nt/s,42,43
ΔtRNAP is estimated to be approximately 3 s. Note
that transcription factors such as NusA, programmed
pauses in the riboswitch, and intracellular nucleotide
pool can significantly alter ΔtRNAP such that 3 s
represents a minimum value.44 In a recent study of
the folding of the Escherichia coli btuB adenosylco-
balamin riboswitch, pause sites in the expression
platform significantly increase ΔtRNAP, assisting in
the proper folding of the aptamer domain.45 Notably,
aptamer variants containing phylogenetically repre-
sented P2 tune boxes display substantially slower
dissociation rates resulting in high ΔtB values—
greater than 50 s. These RNAs are highly likely to
operate under kinetic control, given the above
caveats. Conversely, non-phylogenetically repre-
sented variants tend to have smaller ΔtB values,
suggesting that they might be under near thermody-
namic control in the cell. The only natural variant to
display a large koff and thus a short ΔtB (6 s) isvariant 8U and, therefore, may operate under weak
thermodynamic control.
Nucleotides in the P2 tune box display functional
covariation
The above data argue that nucleotide covariation
within the P2 tune box has a significant impact upon
the aptamer domain's binding properties. To deter-
mine whether this sequence element also impacts
the regulatory properties of the riboswitch, we
investigated the ability of variants 1A, 1U, 9A, and
9U to regulate expression of a reporter gene in a
ligand-dependent manner. To perform this analysis,
we fused the B. subtilis xpt-pbuX aptamer domain
onto the B. subtilis metE SAM-I riboswitch expres-
sion platform to decouple potential sequence-
specific aptamer domain/expression platform inter-
actions. The metE expression platform is highly
functional in both in vitro and in vivo assays and can
host a diverse array of biological and SELEX-derived
aptamers (P. Ceres and R.T.B., unpublished re-
sults). Any differences in regulatory activity observed
between aptamer variants can be directly attributed
to differences in the binding properties of 2AP to the
aptamer and its ability to influence the secondary
structural switch of the expression platform. This
method has been previously used to analyze
the regulatory properties of the tetrahydrofolate
riboswitch.46
Each chimeric riboswitch was tested for its ability
to repress expression of GFPuv in E. coli as a
function of 2AP concentration in a defined medium.
1603Activity Tuning in RNAIn the context of the chimeric riboswitch, only the two
natural aptamer variants can functionally repress
green fluorescent protein (GFP) expression. The
wild-type xpt-pbuX aptamer, corresponding to the
variant 1A, exhibits an ~8-fold decrease in GFP
expression with an EC50 (defined as the concentra-
tion of ligand in the media required to elicit a half-
maximal regulatory response) of 600±80 μM 2AP
(Fig. 5). The phylogenetically represented P2 tune
box variant 9U sequence shows a similar degree of
repression (620±20 μM 2AP). Conversely, the non-
natural P2 tune box variants 1U and 9A are highly
deleterious to regulatory activity; both variants
exhibit very little repression activity. These data
show that a deleterious mutation in nucleotide 24
can be compensated for by a change in the first two
pairs of the P2 helix. Thus, in a regulatory context,
the identities of the unpaired nucleotide at position
24 and the two base pairs in P2 proximal to theFig. 6. Structural analyses of select tune box variants. (a) P
structures around nucleotide 24. In both structures, the nucleot
of P3. (b) Side view of the perspective shown in (a), emphasi
entire P2 tune box of the 1A and 9U structures. Note the local
two variants, but the backbone in the area is nearly identical. (d
9A (shown) and 9U variants.junction are dependent upon each other—clearly
supporting the statistical coupling analysis. This
result demonstrates how small changes in helix
composition adjacent to the effector-binding site can
dramatically impact riboswitch regulation in vivo,
providing a potential mechanism for riboswitch
activity tuning.
Structures of different P2 tune-box variants are
equivalent
To determine whether the binding and potential
regulatory differences between variants might be
due to alterations in the structure of the binding
pocket, we solved the crystal structure of variants
1U, 9A, and 9U. Variant 9U was selected as this
aptamer is well represented in natural sequences yet
contains significant differences as compared to
variant 1A (“wild-type” xpt-pbuX) such as an A ⋅A aterspective showing the superimposition of the 1A and 9U
ide is positioned between A73 of J3/1 and the first base pair
zing the stacking relationships. (c) Superimposition of the
differences in the positioning of the P2.1 pair between the
) Hydrogen bonding between nucleotides 25 and 45 in the
1604 Activity Tuning in RNAthe base of P2 and a uracil at position 24 (Fig. 3d).
Additionally, variants 1U and 9A were analyzed to
allow a comparison to non-natural variants. To
confirm that the C74U mutation was non-perturbing
to the structure, we determined the structures of the
9U and 1U variants as both C74:HX and U74:2,6-
diaminopurine (DAP) complexes (note that DAP is
an analog of 2AP and recognizes the aptamer in an
identical fashion16,17). Each of the RNAs crystallized
under similar conditions used previously and with
nearly identical unit cell parameters.16,17,47 Further-
more, data were collected for all structures to
between 1.32 and 1.7 Å resolution, with high-quality
crystallographic and model statistics (see Table S3).
The Luzzati cross-validated coordinate error of each
structure is below 0.2 Å, enabling us to accurately
compare small differences between each of these
structures.
As expected, the global geometry of all RNAs and
the pattern of hydrogen bonding interactions be-
tween the bases and ligand in the binding pocket is
unaltered between the different variants (global
pairwise r.m.s.d. between any of the structures
does not exceed 0.33 Å). Changing the specificity
of the binding pocket through the C74U mutation is
also non-perturbing to RNA structure and interac-
tions with the ligand, consistent with previous
observations.17 Thus, the use of the C74U mutation
in conjunction with 2AP binding does not appreciably
alter the complex. At the local level, the sequence
variations in the P2 tune box perturb the structure but
in a fashion that does not alter interactions with the
ligand. In the 1U and 9U structures, U24 is
positioned in the same orientation as adenosine,
inserting itself between G72 and A73 (Fig. 6a).
However, the pyrimidine ring does not stack upon
A73, as is observed for the A24 variant. Also, both
the 1U, 9U(C74:HX) and 9U(C74U:DAP) structures
exhibit small differences in the backbone geometry
as compared to the 1A, 9A(C74:HX) and 9A(C74U:
DAP) structures. These differences involve the A73
base, which is pulled into the helix by ~1 Å in the
A24 variants, allowing it to more efficiently stack
upon pyrimidine 74 as well as a 1.6-Å displacement
of the phosphate of A73 relative to the U24 variant
(Fig. 6b).
The alternative pairing in P2 of the 9A/9U variants
also introduces small changes in the geometry of the
RNA. The first pair, which is changed from a
standard Watson–Crick A–U pair (1A, 1U) to an
A ⋅A mismatch, forms a sheared A ⋅A mismatch in
which A25(N6) forms two hydrogen bonds with
A45(N3) and A45(O2′) (Fig. 6c and d). This type of
pair is isosteric with the commonplace G ⋅A sheared
pair, as exemplified by that within GNRA-type
tetraloops.48 The second pair is changed from the
single-bond A26–C44 base pair found in the wild-
type xpt aptamer to a standard Watson–Crick C–G
base pair. The introduction of the sheared A ⋅Amismatch in 9A/9U alters the position and confor-
mation the backbone at nucleotide 25, particularly at
C5′ (Fig. 6c). Thus, one potential explanation for the
compensatory nature of positions 24 and 25 is that
the change in backbone geometry at nucleotide 25 in
J1/2 facilitates the positioning of U24 and stabilizes
changes in the backbone around nucleotide 73 in J3/
1. While all of these differences are small, it must be
emphasized that they are significantly larger than the
coordinate error of any of the individual structures
(Table S3) and thus likely reflect real differences in
the local architecture of the aptamer.
Probing the conformational flexibility of xpt variants
using SHAPE
The above crystal structures inform only the
ligand-bound state of the aptamer. However, the
structure and conformational flexibility of the un-
bound state clearly have an impact upon the binding
properties of the aptamer. To address this aspect of
the RNA, we employed a chemical probing tech-
nique called selective 2′-hydroxyl acylation analyzed
by primer extension or SHAPE.49,50 This technique,
which has emerged as a major method for probing
RNA structure and folding, uses an acid anhydride
reagent (in this study, N-methylisatoic anhydride, or
NMIA) that reacts with 2′-hydroxyl groups in the
backbone. The product of the reaction is an adduct
that is subsequently read out by sequencing the
reverse-transcribed cDNA. Importantly, it has been
demonstrated that the reactivity of an individual 2′-
hydroxyl group in the RNA is largely dependent upon
its conformational flexibility.49,51 Studies that have
compared the reactivity patterns of small model
RNAs have shown that it correlates to the NMR order
parameter S2, another measure of local conforma-
tional dynamics in a molecule52 as well as 2AP
fluorescence.53 We have previously employed this
method to investigate the structure and folding of
several riboswitch aptamers, including the B. subtilis
xpt-pbuX guanine riboswitch.36,54,55
The variants utilized in this study were probed with
NMIA at 25 °C under the buffer conditions used in
the binding experiments in the presence and
absence of 2AP (Fig. 7). In each RNA, we observe
regions that display strong differences in their
reactivity pattern between the unbound and bound
states: nucleotides within J1/2, J2/3, and the base of
P2. Furthermore, all RNAs have nearly identical
patterns of reactivity in the presence of a saturating
amount of 2AP (1 mM) such as a strong site of
reactivity at U48 that is flipped out towards solvent in
crystal structures. This pattern is consistent with
productive binding of the ligand. This demonstrates
that all of the RNAs interact with the ligand in the
same fashion and adopt the same final structure.
In the free state, all of the RNAs display
differences in their reactivity patterns in two key
Fig. 7. SHAPE chemical probing identifies regions of the aptamer domain that are conformationally flexible. (a) Aptamer
variants 1A, 1U, 9A, and 9U were probed in the absence of NMIA and ligand (control) or in the presence of NMIA with and
without ligand (lanes −2AP and +2AP, respectively). Conformationally flexible regions are indicated by primer extension
stops with the intensity reflecting the proportion of the population that is conformationally dynamic. (b) SHAPE probing of
aptamer variants 2A, 2U, 3A, 3U, 8A, and 8U. Control and sequencing lanes, although omitted from these panels, were run
alongside these lanes.
1605Activity Tuning in RNAregions. Within J2/3, most RNAs show reactivity of
nucleotides 43–53 to varying extents, with nucleo-
tides U48 and U51 showing the greatest amount of
reactivity in all variants. The high degree of similarity
of the reactivity pattern of these nucleotides, as
determined through quantification of band intensi-
ties, reveals that the degree of conformational
flexibility of J2/3 is not significantly affected by
mutations at position 24 or the 25–45/26–44 base
pairs in P2. The only variant with any significant
differences in reactivity in this region is 9A (Fig. 7a),
which has increased reactivity throughout this region
as well as J3/1 (data not shown).
In contrast, J1/2 has different patterns of reactivity
between the variants. The wild-type RNA shows
reactivity towards NMIA between nucleotides 21 and
26 (Fig. 7a), with nucleotides A23 and A24 consis-
tently displaying higher reactivity than the surround-
ing J1/2-P2 region. Comparison of this pattern of
reactivity to the other variants used in this study
(Fig. 7) reveals that each RNA has a different pattern
of reactivity in this region. Unfortunately, no clear
trend that correlates the degree of reactivity (reflect-
ing conformational flexibility or dynamics) to 2AP
binding properties is observed in these data. Upon
binding 2AP, the J1/2-P2 region of all variants did
establish nearly the same reactivity pattern (except
for small differences in nucleotide 23). Therefore,
while variation in the P2 tune box clearly alters the
local pattern of nucleotide conformational flexibility,
these changes in flexibility cannot be directlyinterpreted in the context of the variable binding
parameters they yield.Discussion
Using a structure-based sequence alignment and
an NMI scoring method, we identified functionally
coupled nucleotides adjacent to the ligand-binding
pocket at the base of P2 that covary in a manner that
alters ligand-binding activity. These nucleotides
comprise the P2 tune box and reside in the junction
between the P2 stem and the ligand-binding site in
the three-way junction. Measurement of the binding
properties of 2AP for select variants of this region
reveals that this site has a large effect on the rate of
ligand dissociation (koff) and, thereby, the equilibrium
dissociation constant (Kd). The association rate
constant is also affected; however, due to the rapid
nature of ligand binding compared to ΔtRNAP, the
impact on activity resulting from alterations to kon is
minimal compared to koff. This site appears to be a
major source of affinity tuning immediately surround-
ing the binding pocket since other base-pairing
regions adjacent to the binding pocket, such as the
top of P1 (A21–U75, U20–A76) and the base of P3
(C54–G72), are highly conserved. These in vitro
observations were supported by the in vivo activity of
several variants of the P2 tune box that clearly
demonstrate covariation of nucleotide 24 and the
first two pairs in the P2 helix.
1606 Activity Tuning in RNAA study of the 11 SAM-I riboswitches in B. subtilis
revealed a correlation between the regulatory
activity and the gene class that they control and
concluded that individual riboswitches are tuned to
meet the regulatory requirements of their transcrip-
tional unit.9 In this study, we observed no clear
correlation between the classes of P2 tune boxes
and nature of the transcriptional unit they regulate
(data not shown). The primary difference between
these two studies is that in the current work, the
riboswitch sequences are obtained from a wide
spectrum of species that live in different environ-
mental conditions. It is reasonable to speculate that
variability in extracellular and intracellular conditions
would have a significant influence on the aptamer.
Other unknown variables such as additional levels of
regulation at the DNA level (by the purR repressor
protein, for example56) further complicate such an
analysis. Thus, while regulatory tuning is evident
between riboswitches within a single organism, this
observation likely cannot be extended over all
sequences of a particular class of riboswitches.
The P2 tune box has a role not only in modulating
the activity of the purine riboswitch but also in
specificity. The purine riboswitch family is divided
into three distinct binding classes: guanine,5
adenine,14 and 2′-deoxyguanosine.57 In a study
that dissected the differences between the xpt-pbuX
guanine and Mesoplasma florum type IA 2′-deox-
yguanosine aptamers, a single nucleotide difference
at the ligand-binding site determines selectivity
between the two effector molecules.24 However, it
was also found that nucleotides at the base of P2 are
responsible for further increasing the selectivity of
the RNA for 2′-deoxyguanosine. In the crystallo-
graphic structure of the wild-type M. florum IA
aptamer complexed to 2′-deoxyguanosine, the
equivalent of nucleotide 24 (G33) directly interacts
with the 25–45 pair to form a base triple25 in a very
different conformation than that observed in the xpt-
pbuX aptamer. These observations argue that the
P2 tune box is an important feature for influencing
the specificity switch from guanine/adenine to 2′-
deoxyguanosine in the purine riboswitch family.
The role of the P2 tune box appears to be to
modulate the stability of the ligand–aptamer com-
plex. A detailed analysis of the crystal structures of
the 1A, 1U, 9A, and 9U variants reveals that each
adopts a nearly identical conformation, indicating
that the P2 tune box has little impact on the final
architecture of the complex. Chemical probing of the
dynamics of each variant reveals that in each RNA,
the most dynamic elements in the absence of ligand
are J1/2 and J2/3, consistent with previous work. In
each of the variants (Fig. 7), the pattern of reactivity
in J2/3 is virtually identical, indicating that the P2
tune box likely does not affect the dynamics of J2/3.
Instead, we observe idiosyncratic patterns of reac-
tivity for J1/2 (nucleotides 21–23) and nucleotides 24and 25. Further, we do not observe consistently
greater reactivity in non-natural variants or other
systematic differences that would distinguish the two
sets of RNAs. Nonetheless, the binding data strongly
suggest that the non-natural variants are less stable
by virtue of faster dissociation rates that confer a
kinetically controlled mode of regulation. This kinetic
control can lead to novel properties of the riboswitch
that cannot be imparted by thermodynamically
controlled regulatory mechanisms. In a recent
study of the lysine riboswitch, we demonstrate that
this phenomenon resulted in a riboswitch that is
sensitive to both effector and nucleotide triphos-
phate (NTP) concentrations under biological condi-
tions, the latter being a proxy for the overall
metabolic state of the cell.44
Tuning the dynamics of RNAs appears to be an
important aspect of the biological function of a wide
assortment of biological RNAs, including ribo-
switches.58,59 Analysis of the unbound SAM-I ribos-
witch aptamer using a variety of structural and
computational approaches revealed that it transiently
samples “bound-like conformations”.54 Similar be-
havior has been observed in the SAM-II,60,61 FMN,55
and preQ1 riboswitch aptamers,
62 suggesting that
the conformational selection is a broadly utilized
means of efficient binding by the effector molecule.
Beyond riboswitches, it has been shown that helical
sequences adjacent to an internal bulge within the
HIV transactivation region significantly influence the
binding properties of small-molecule compounds.63
In this work, we also observe that naturally occurring
P2 tune boxes tend to have faster association rates,
which in the conformational selection model is the
result of increased sampling of the bound-like
conformations recognized by the effector. Our data
provide the first mechanistic insights into how a
specific sequence module can be employed to tune
both binding and regulatory activities of riboswitches
and establish a framework for understanding how
activity tuning is achieved in other RNAs.
Materials and Methods
Bioinformatics
The starting alignment was obtained from the RNAS-
TAR structural RNA alignment repository23 (RST00106).
This alignment was chosen as a starting point because we
wanted a high-quality alignment, which was backed by a
crystal structure. From this starting alignment, we included
all sequences that contain seven base pairs in P2 and P3
helix and a fixed number of bases in J1/2 (3 nt), L2 (7 nt),
J2/3 (8 nt), L3 (7 nt), and J3/1 (2 nt).
The covariation analysis was performed using the
implementation of NMI presented in Caporaso et al.35
The result of the NMI analysis is a matrix of values, where
the rows and columns represent indices in the sequence
alignment. Each value in the matrix is the NMI score
1607Activity Tuning in RNAbetween the first position (row) and the second position
(column). The significance of each pairwise nucleotide
interaction was assessed by comparing the NMI value of
reference nucleotide (row) and second nucleotide (col-
umn) with the NMI value of all other nucleotides compared
to the reference position (all values in a row), using a one-
tailed, two-sample t test. The matrix containing the NMI
values was plotted as a heat map (Fig. 3a), where cooler
colors represent little or no covariation and warmer values
represent higher levels of covariation. The positional
entropy for the alignment for Fig. 1b was calculated
using the PyCogent package.64 Figure 1b is a sequence
logo representing the nucleotide conservation as well as
information content at each position in the alignment.65 For
each position, the height of each nucleotide symbol
represents its frequency at that position, while the overall
height represents the information content at that position.
Binding constant measurements
Aptamer domain RNAs were prepared in 10 mM K+
Hepes (pH 7.5), 100 mM KCl, and 10 mMMgCl2 and were
thermally denatured at 90 °C for 1 min followed by a 10-
min incubation on ice to promote proper refolding.
Increasing concentrations of RNA were rapidly mixed at
30 °C with a limiting concentration of the fluorescent
nucleobase 2AP (50 nM) on an SX.17MV stopped-flow
spectrofluorometer (Applied Photophysics). 2AP binding
was detected using a 335-nm long-pass filter and an
excitation wavelength of 318 nm. A total of 4000 data
points were collected for each injection. The instrument
has a dead time of 2 ms. Observed rate data were fit to the
model
Ft ¼ F∞ 1−e−kobst
  ð2Þ
where Ft is the observed fluorescence at time point t, F∞ is
the fluorescence at equilibrium, and kobs is the measured
rate constant. To determine the association rate constant,
we determined kobs at four different 2AP concentrations
and we fit the plot of kobs versus [2AP] to
kobs ¼ koff þ 2AP½ kon ð3Þ
The raw fluorescence data are shown in Fig. S1 and the
kobs versus [2AP] data and fits are shown in Fig. S2.
Dissociation rate constants were measured using
stopped-flow fluorescence and the non-fluorescent compet-
itor ligand DAP. A limiting amount of 2APwas pre-incubated
with an excess of aptamer domain RNA such that 80–100%
of the ligand was bound by RNA; however, the absolute
concentration of RNA was variable due to changes in the
equilibrium dissociation constant between aptamer variants.
The aptamer–2AP complex was rapidly mixed with 10 mM
DAP (5 mM final concentration) and the observed fluores-
cence as a function of time was fit to the equation
Ft ¼ F∞−F0ð Þ e−kofft
 þ F0 ð4Þ
where Ft is the observed fluorescence at time point t, F∞ is
the fluorescence at equilibrium, F0 is the initial fluorescence,
and koff is the observed dissociation rate constant. The raw
fluorescence data are shown in Fig. S3.
Equilibrium dissociation constants were measured using
a Safire-II fluorescence plate reader (Tecan) under identicalbuffer conditions at room temperature. Increasing concen-
trations of aptamer RNA were titrated against 50 nM 2AP
and fluorescence quenching was measured after a 10-min
incubation. Data were fit by a two-state binding model
F ¼ Fmin þ ΔF RNA½ RNA½  þ Kd
 
ð5Þ
where F is the observed fluorescence, Fmin is the minimal
observed fluorescence, ΔF is the fluorescence change, and
Kd is the apparent dissociation constant. The raw data and
fits to Eq. (5) are shown in Fig. S4.
In vivo activity of aptamer variants
The regulatory activity of the 1A, 1U, 9A, and 9U
aptamer variants was fused to the B. subtilis metE
riboswitch expression platform using a strategy previously
employed to measure the activity of a cobalamin
riboswitch66 and tetrahydrofolate aptamer domain.46
After the resultant chimeras were cloned into the leader
sequence of an mRNA encoding gfpuv using standard
molecular biological techniques, they were transformed
into E. coli strain BW25113(Δnep).67 nep encodes the
purine base efflux pump.68,69 Single colonies were grown
overnight in 3 ml of a rich defined medium supplemented
with 100 μg/ml ampicillin. This starter culture was used to
inoculate 100 ml of the same defined media and was
allowed to grow to early exponential phase (OD600=0.1–
0.5) at 37 °C. 2AP was added to 3-ml aliquots and the cells
were allowed to grow for an additional 6 h at 37 °C. We
used 300 μl of each culture to measure the OD600 and
fluorescence intensity of the cells in an Infinity M200 Pro
fluorescence plate reader (Tecan). Fluorescent measure-
ments were taken at an excitation wavelength of 395 nm
and average fluorescence was taken from 513 to 515 nm,
the maximum emission for GFP. Optical-density-normal-
ized fluorescence values were plotted against the ligand
concentration and were fit to a standard two-state binding
equation to determine the EC50 (concentration of 2AP in
the medium required to elicit half-maximal repression of
GFP expression). Background cellular fluorescence was
determined by performing an identical 2AP titration into
cells carrying pBR322 (the parental vector of the GFP
reporter). An average of the background was subtracted
from the values of the cultures containing the plasmids with
the riboswitch constructs to calculate the cell-normalized
fluorescence.
Crystallographic data collection and analysis
RNA variants used in this study were transcribed in vitro
and purified using precisely described methods.15,17
Briefly, RNA was transcribed off a double-stranded DNA
template using T7 RNAP and purified using 12% denatur-
ing polyacrylamide gel electrophoresis. RNA was gel
extracted into 0.5× TE buffer. Crystals were obtained by
the hanging drop vapor diffusion method. One microliter of
RNA/ligand stock (500 μM RNA, 1 mM HX or 2AP) was
mixed with 1 μl of mother liquor (10 mM Hepes, pH 7.5,
15–20% polyethylene glycol 3000, 8–12 mM cobalt
hexamine, and 450 to 740 mM ammonium acetate). The
well contained 500 μl of mother liquor. Crystals grew to a
1608 Activity Tuning in RNAmaximum size in about 5 days' time with a needle-like
morphology. Crystals were cryoprotected in 20–30%
ethylene glycol or polyethylene glycol 3000 in mother
liquor and flash frozen. Data were collected either on a
home X-ray source (Rigaku RU200 copper rotating anode
source equipped with a Rigaku IV++ area detector) or at
the National Synchrotron Light Source at Brookhaven on
beamline X29. All data were indexed, integrated, and
scaled using D*TREK70 in the crystal clear package
(Rigaku MSC).
Molecular replacement was used to create initial
electron density maps in CNS71 with the structure of the
B. subtilis xpt-pbuX guanine riboswitch aptamer domain in
complex with HX used as the starting model [with all ligand
and solvent molecules stripped; Protein Data Bank (PDB)
ID 1U8D].15 The RNA was refined with CNS using iterative
rounds of rebuilding nucleotides that were different using
PyMOL (Schrödinger), simulated annealing, and B-factor
refinement. All models were refined using isotropic B-
factors, regardless of resolution. Ligand, solute molecules,
and water were subsequently built and refined to yield the
final model. Coordinates of final models and structure
factors have been deposited in the RCSB PDB.SHAPE chemical probing of RNA
RNA was transcribed in vitro as described above with a
structure cassette appended at the 3′ end.50 Two
picomoles of RNA in 12 μl of 0.5× TE was denatured at
90 °C for 2 min and put on ice for 10 min to refold. Six
microliters of folding buffer (333 mM Hepes, pH 8.0,
333 mM NaCl, and 20 mM MgCl2) and 1 mM 2AP were
added to RNA mix. Nine microliters of mix was incubated
with 1 μl of dimethyl sulfoxide (control) or 130 mM NMIA in
dimethyl sulfoxide and incubated at 37 °C for 3 h. Three
microliters of 0.3 μM 32P reverse transcription primer was
added and incubated at 65 °C for 5 min followed by 35 °C
for 15 min. Six microliters of enzyme mix (167 mM Tris,
pH 8.3, 250 mM KCl, 1.67 mM dNTPs, 17 mM DTT, and
0.33 units of Superscript III Reverse Transcriptase) were
incubated at 52 °C to extend the primer. The reaction was
terminated after a 10-min extension by the addition of 1 μl
of 4 M NaOH and incubation at 90 °C for 5 min. The
incubation continued for an additional 5 min after the
addition of 29 μl of acid stop mix [4:25 (v/v) mixture of
unbuffered Tris and RNA load buffer]. Sequencing re-
actions were preformed similarly as above but with
supplementation of the enzyme mix with 3.0 mM ddNTP.
Extension products were resolved on a 12% 29:1
acrylamide:bisacrylamide gel and were subsequently
imaged with a Typhoon Phosphorimager (Molecular
Dynamics). Gel images were quantified with the program
SAFA72 using methods consistent with prior footprinting
analysis of the B. subtilis xpt guanine riboswitch aptamer
domain.36Accession numbers
Coordinates and structure factors have been deposited
in the PDB under the following accession numbers: 4FE5
(variant 1A:HX), 4FEJ (variant 1U:HX), 4FEL (variant 9A:
HX), 4FEO (variant 9A:DAP), 4FEN (variant 9U:HX), and
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